Aim: In the current study, some imaging characteristics of AuNPs were quantitatively analyzed and compared with two conventional contrast media (CM) including Iodine and Gadolinium by using of a cylindrical phantom. Methods: AuNPs were synthesized with the mean diameter of 16 nm and were equalized to the concentration of 0.5, 1, 2 and 4 mg/mL in the same volumes. A cylindrical phantom resembling the head and neck was fabricated and drilled to contain small tubes filled with Iodine, Gadolinium, and AuNPs as contrast media. The phantom was scanned in different exposure techniques and CT numbers of three studied contrast media inside test tubes were measured in terms of Hounsfield Unit (HU). The imaging parameters of the noise and contrast to noise ratios (CNR) were calculated for all studied CMs. Results: AuNPs showed 128% and 166% higher CT number in comparison with Iodine and Gadolinium respectively. Also, Iodine had a greater CT number than Gadolinium for the same exposure techniques and concentration. The maximum CT number for AuNPs and studied contrast materials was obtained at the highest mAs and the lowest tube potential. The maximum CT number were 1033±11 (HU) for AuNP, 565±10 (HU) for Iodine, 458±11 for Gadolinium. Moreover, the maximum CNRs of 433±117, 203±53, 145±37 were found for AuNPs, Iodine and Gadolinium respectively. Conclusion: The contrast agent based on AuNPs showed higher imaging quality in terms of contrast and noise relative to other iodine and gadolinium based contrast media in X-ray computed tomography. Application of the AuNPs as a contrast medium in x-ray CT is recommended.
Introduction
Application of gold and other nanoparticles in radiation therapy and medical imaging have been reported in several studies [1] [2] [3] [4] . X-ray computed tomography (CT) is one of the popular medical imaging modalities in terms of availability, efficiency and cost. CT images provide basic anatomical information and pathologic changes regarding lesion location, size and spread [5] . Basically, X-ray CT imaging relies on the different attenuation of X-ray photons in patient body and the ability of CT to distinguish between different tissues is based on the fact that different tissues have different degrees of X-ray attenuation. The attenuation coefficient is determined by the atomic number and electron density of the tissue; the higher atomic number and electron density, the higher attenuation coefficient [6] . In the photon energy range used in X-ray CT, X-rays are intensely attenuated by the bone, while less attenuation occurs in soft tissues. The different cross sections for photoelectric and Compton interactions exist for both materials. Therefore, to provide clinically useful images of soft tissues, the contrast agents with higher atomic number are utilized in imaging process in order to increase the attenuation properties of different soft tissues [7] . These contrast agents are responsible to provide additional information about vascular anatomy, depict vascular flow and more recently, determine the degree of perfusion [8] . In X-ray CT, contrast agents based on heavy elements such as gold [9, 10] , bismuth [11] or iodine [12, 13] and in some cases gadolinium are used [14] .
Conventional contrast agents based on iodine have been routinely used in X-ray CT. Since Iodine (atomic number = 53) has low molecular weight, flows out the blood circulation immediately after injection and causes a short imaging time. However, it makes low contrast images in heavy patients because of image degradation caused by increased scattered radiation [4] . Moreover, physiological information that can be obtained from iodine contrast medium is limited to vascular system and large organs [8] . There are some disadvantages for the iodine based contrast media including higher osmolality of iodine in heavy concentration [15] causes chemical sensitivity [4] , renal toxicity [4, 10] , vascular permeation, vomiting and even skin irritation [16] .
Gadolinium is the mainly used contrast media for magnetic resonance imaging. But because of its high atomic number and density it can be used in x-ray CT in cases where the application of iodine based CM was prohibited such as severe sensitivity to iodine CM. Studies have shown that image contrast obtained by Gd CM in X-ray CT is lower than that was provided conventional iodine CM [14] .
To overcome the limitations and disadvantages of iodinebased contrast agents, new agent with better imaging properties and bio-adaptability was needed. Among the studied materials, the use of gold nanoparticles (AuNP) as contrast agent has been regarded by scientists, because of its special chemical and physical features, ease of synthesis and its bio-compatibility. AuNPs (atomic number = 79) with higher probability of photoelectric interaction with energetic photons compared with iodine have shown greater attenuation coefficient and better contrast according to recent studies [5, 9, 15] . Since AuNPs have a high bio-compatibility, and because of heavier molecular weight than iodine it has longer circulation time after injection to blood stream. Longer circulation time causes more useful imaging time, accurate observation of vessels and survey of vicinity tissues [17] . The viscosity of AuNPs is like water and in addition to stability it provides injection facility [4] .
In the previous in vivo studies, they focused on cytotoxicity, dose index and contrast enhancement ratio in animals with tumor before and after injection of AuNPs [8, 15, [18] [19] [20] [21] [22] [23] [24] . This study aimed to quantify some imaging properties of AuNPs compared to two conventional contrast agents including iodine and gadolinium. Also, using a head and neck phantom, we tried to find a quantitative way to show how much AuNPs present higher CT number and CNR compared to iodine and gadolinium at the same concentrations and tube potentials ranging from 80 to 140 kVp.
Materials and Methods

AuNP synthesis
Synthesis of citrate-capped AuNPs was carried out using a previously reported method [25, 26] with a slight modification. Colloidal AuNPs were prepared according to the standard method for sodium citrate reduction. Briefly, 18 mg of hydrogen tetrachloroauric acid (HAuCl 4 ) was dissolved in 100 mL of boiling de-ionised water and then 3 mL of sodium citrate solution (1%w/v) was added. Upon the addition of sodium citrate, the color of the solution started to change from yellow to dark, which subsequently turned into bluish-gray or purple within a few minutes. The solution was boiled for 30 minutes, allowing the reaction to complete and reach ambient temperature. The final color of the solution was deep wine-red. After AuNP synthesis, it was brought to different concentration 0.5, 1, 2 and 4 mg/mL, all in the same volume of 40 mL (Figure 1a) . Transmission Electron Microscopy (TEM) of samples was prepared by depositing gold colloid drops on a copper grid covered with a holey carbon film. TEM was performed at the potential of 300 kV with a JEOL JEM 3010 microscope equipped with a CCD Camera (Figure 1b) . All AuNP solutions were characterized by UV-Vis spectroscopy with a Varian Cary 50 spectrometer in 2 mm optical path cells. The size and the concentration of AuNPs were also determined directly from UV-Vis absorption spectra using a method reported previously [27] . The solution contained NPs with an average size range of 16 nm in diameter and a standard deviation of 35% due to a log-normal distribution of sizes characterized by UV-Vis spectrophotometry.
Concentration and volume equalization
We used commercially available Urographin (containing Iodine) and Dotarem (containing Gadolinium) contrast media for comparison purposes. The available concentrations of Urographin and Dotarem were 370 mg/mL and 0.5 mM/mL respectively. To equalize concentrations relative to AuNP solutions, we used the equation of C 1 V 1 = C 2 V 2 , in which C stands for concentration and V for volume. First, the required volume for each concentration was calculated and then volume was diluted with distilled water to reach to 40 mL.
Phantom designing
A cylindrical phantom was constructed of polyethylene with the dimension of 160 mm diameters and 100 mm height. In order to evaluate three types of contrast media in a given concentration and variable size of tubes, cylindrical glass tubes with different diameters, 1.75, 3.5, 5, 7 and 7.5 mm, were drilled in the position of central angle of 24 degrees to hold samples. The distance between the center of each tube from the phantom edge was 20 mm. 
X-ray CT scanner
A GE Light Speed (General Electric Medical Systems, Waukesha, Wisconsin) 16 slice CT scanner was used for imaging of our samples. The imaging quality assurance was performed by using a GE QA phantom. The QA program included several sections such as contrast scale, high contrast spatial resolution, slice thickness, positioning light accuracy, low contrast detectability, noise and uniformity. Phantom was scanned according to the operator manual and the results of each part were compared with optimal values. The tests were performed in the scan condition of 120 kVp, 100 mAs, 3 s and 10 mm slice thickness. All the results were in the acceptable range recommended by the manufacturer.
Before scanning, the tubes were filled with defined concentrations and shaken well to uniform the contrast media solutions. Scans were performed in the kVp range of 80-140, and tube currents of 80, 100 and 120 mA and 2 mm slice thickness.
Image analysis
All images were analyzed using embedded software in CT scanner and CT number of CMs and their standard deviations (SD) were extracted. Overall 15 slices was obtained for each exposure techniques. Among the slices, one which had better visually contrast was chosen and a region of interest (ROI) of 3 mm 2 at the center of each sample was used for CT number reading. Average and standard deviation of CT number were provided for each ROI by software. Contrast was defined as the difference between CT numbers of a studied CM and background (phantom material). In each scan, contrast was determined and divided by noise amount to obtain contrast to noise ratio (CNR).
Results
In Figure 2a , the CT image of phantom containing the tubes with diameters of 1, 2, 3, 4 and 5 mm has been shown. The results of 5 mm diameter tubes have been used to illustrate the effect of increasing kVp on the contrast of studied CMs (Figure 2b) . As it can be seen from Figure 2a , AuNp provides higher CT number and contrast compared to Iodine and Gadolinium for all tube diameters. Moreover, in tubes with 1 mm diameter, the effect of higher CT number and contrast of AuNP is prominent in terms of tube visibility and detectability compared to other CMs. Besides, it is can be observed from both images that the CT number of the Iodine containing tube is higher than Gadolinium tubes for all energies as well as all tube diameters. In Figure 3 , variations of CT number for AuNP, Iodine, and Gadolinium with beam energy from 80 to 140 kVp and constant mAs =120 have been shown. For all concentrations and photon energy, AuNP had greater CT number compared to Iodine and Gadolinium. Additionally, the CT number decreased linearly with kVp for all CMs and concentrations. Also, the CT number showed its higher value at the kilovoltage of 80 kVp for all CMs, whereas in 2 and 4 mg/ml concentrations, the CT number of AuNP was 2 and 3 times higher than Iodine and Gadolinium respectively. Furthermore, in a given concentration and constant kVp, CT number of AuNP was greater than Iodine and the CT number of Iodine was higher than Gadolinium. For instance, at the concentration of 4 mg/ml and 80 kVp, CNR of AuNP was 109% greater than iodine and 165% greater than gadolinium.
The results of CT number measurement for all studied CMs have been tabulated in Table 1 . According to Table 1 , the obtained highest CT number for the studied CMs were 1033±12 for AuNP, 552±10 for I and 459±11 for Gadolinium with a concentration of 4 mg/mL and 80 kVp.
Another point is that the CT number reduction with increase in beam energy did not occur at the same rate for all CMs. In concentration of 4 mg/mL and 120 mAs, by changing kVp from 80 to 140, CT number decreased by 8.5% for AuNP, 23% for Iodine and 26% for Gadolinium.
In Figure 4 , the variation of CNR with kVp have been shown for different concentrations. It is seen that CNR varies considerably with concentration and tube potential. In constant concentration, CNR of CMs increased with kVp. However, this increase was remarkable for AuNP compared to other CMs. The results showed that in a given concentration and constant tube potential, CNR of AuNP was greater than that was seen for Iodine and Gadolinium. Also, the CNR of Iodine was higher than Gadolinium for all energies and concentrations.
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Discussion
In the current study we compared the imaging characteristics of AuNP with two conventional CMs. Also, we tried to quantify their dependence on tube voltage and CM concentration. Additionally, the CT imaging was performed in different tube currents (mA) and it was found no considerable variation in CT number and CNR with tube current for each of CMs. Our results indicated that for a given concentration and tube potential, the CT number of AuNP was considerably higher than the CT numbers of Iodine and Gadolinium. Higher CT number and attenuation of AuNP stems from this fact that Au has a higher atomic number and density (Z = 73, density = 19.30 g/cm 3 ) in comparison with iodine (Z = 53, density = 4.93 g/cm 3 ), and gadolinium (Z = 64, density = 7.90 g/cm 3 ). As we know from basic radiation physics, that the main interaction between photons and atoms of CMs is photoelectric. Therefore, the attenuation coefficient of photons is extremely dependent on atomic number (Z 3 ). On the other hand, the atomic number and density of Gadolinium (Z = 64, density = 7.90 g/cm 3 ) are higher than Iodine (Z = 53, density = 4.93 g/cm 3 ). However, the results showed higher CT number and CNR for Iodine compared to Gadolinium. To explain this, we have depicted the attenuation coefficient of all three elements in terms of photon energy in Figure 5 . The maximum intensity (intensity peak) of a photon spectrum happens at the 1/3 of its maximum photon energy. So, for the photon energy spectra used in the current study the peak intensity of photons is located between 26-47 keV approximately. Additionally, it can be seen in Figure 5 that k-edge absorption of Iodine and Gadolinium atoms occurs at the photon energy of 33.2 KeV and 50.2 KeV respectively. Thus, in the energy range of 26-49 KeV, the attenuation of Iodine atoms is greater than Gadolinium and this leads to higher CT number of Iodine in comparison to Gadolinium. Considering the variation of CT number with other parameters in CM, the results of the current study were in accordance with findings of Xu et al [28] and Kim and Jon [29] . They reported an increment of CT number by increasing the CM concentration. Also, the same results were reported with Boote et al [8] about linear increment in CT number with AuNP concentration.
Our results showed that higher concentration of CMs leads to better image quality in terms of CNR. With the increment of concentration, the number of particles in a determined volume increases. So linear attenuation coefficient goes up and causes an increase in the CT number. Moreover, CNRs was enhanced for all CMs by increase in concentration and tube potential.
Additionally, increase in tube potential reduces the number of attenuated photons. Thus, the attenuation coefficient becomes smaller and it causes lower CT number for all studied CM. on the other hand, as the number of detected photons increases, the noise content of the image is decreased and consequently a higher CNR was obtained.
If we compare our results with other similar studies in terms of CNR, our results were in agreement with Jackson et al and Papadakis et al [16, 21] . As they found that CNR is increased by increasing the concentration of CMs (AuNPs, Iodine) and also AuNP showed better CNR in comparison with Iodine at the same concentration. However, there were small discrepancies between our results and their reported value for CNR. This can be attributed to difference in the imaging properties of x-ray CT scanner including the beam spectra and detector performances as well as concentrations and the size of studied AuNPs. 
Conclusion
Our results showed better imaging characteristics (contrast and CNR) for AuNP as a contrast medium compared to other conventional CMs. Also, in accordance with previous studies, it was found that for all CMs the CT number and CNR were dependent on the type of CM, concentration and tube voltage. Additionally, the AuNPs showed significantly higher contrast and better CNR relative to Iodine and Gadolinium in all cases. The maximum CT numbers of studied CM were obtained at the highest concentration and the lowest kVp. While, the highest CNR was seen at the maximum tube voltage. As the main finding of this study, it can be concluded that contrast media based on Au, in form of nanoparticles, provided higher contrast (up to 2-2.5 times) relative to conventional iodine-based CM which was dependent on tube voltage and concentration. Thus, its application in X-ray CT can remarkably enhance the image quality and consequently provide better diagnostic results. 
